The pigment epithelium of the retina (RPE) is derived from the optic cup and is essential for function and development of the eye. We produced a transgenic mouse line that expresses simian virus (SV40) transforming sequences under control of the 1.4 kb tyrosinase-related protein 1 (TRP-1) promoter, targeting expression of T antigen (Tag) to the RPE. In transgenic embryos, RPE cells proliferated in the anterior part of the eye and near the optic nerve. This resulted in formation of tumors, which were pigmented and of epithelial origin. In 3 months-old mice, pigmented cells were detected in spleen and inguinal lymph nodes. In spleen, tyrosinase, TRP-1 and SV40 Tag were expressed and tyrosinase was enzymatically active. Pigmented regions were positive for an epithelial marker, cytokeratin. Cell lines were established from tumor and metastases and kept in culture for more than 2 months. These were pigmented, and maintained expression of tyrosinase, TRP-1, cytokeratin and SV40 Tag. This demonstrates that RPE tumor cells metastasize to lymph node and spleen. In conclusion, the metastasis from TRP-1/Tag RPE tumors towards spleen and lymph nodes serves as potential tool to investigate biology and metastasis of tumors derived from the pigment epithelium.
Introduction
In human, neoplastic proliferations of the retinal pigmented epithelium (RPE) have been dicult to diagnose clinically, and have always prompted enucleation because of their resemblance to choroidal melanomas (Albert et al., 1972; Fan et al., 1995; Garner, 1970; Greer, 1952; Loeer et al., 1996; Shields et al., 1994) . On stimulation by various disease processes such as choroidal in¯ammation, retina detachment or proliferative vitreoretinopathy, or as a reaction to surgery, the RPE is known to exhibit marked proliferative activity and has been demonstrated to participate in ocular tumor formation. Adenocarcinoma of the RPE has been characterized by invasion of choroid and retina and by tubular arrangement of the cells within the tumor (Loeer et al., 1996) .
The development of the mouse RPE starts at embryonic day E8 ± 9 when the optic vesicle invaginates to form the optic cup. The inner and the outer layers of the optic cup give rise to the neural retina and the RPE, respectively. The normal RPE is a mosaic of polygonal cells situated between the choroid and the neural retina. The apical site of the RPE cells closely associates with the outer segment of the cones and rods, whereas the base of the cells attaches to Bruch's membrane. Like all epithelial cells, mature RPE cells show morphological and functional polarity along their apical-to-basal axis (Zhao et al., 1997) . The apical portion of the cell is characterized by microvilli, which is unusual since they interact with a cellular tissue, the retinal photoreceptors. The apical junction complexes are located at the apical end of the lateral wall and consist of tight, adherent, and gap junctions (Hudspeth and Yee, 1973) . The tight junctions form a permeability barrier characterized by fusion of adjacent cell membranes and regulate the¯ow of nutrients to the outer retina (Steinberg and Wood, 1979) . RPE cells are involved in many activities that are essential for function and survival of retinal photoreceptors. One of the functions is to absorb light and reduce scattering, and therefore, improve the quality of images that are received by the retina (Zhao et al., 1997) . The light absorbing molecule in the RPE is melanin, which absorbs radiant energy in the visible and UV spectrum and dissipates the absorbed energy in the form of heat. Melanin is not only produced in the RPE, but also in neural crest-derived melanocytes as found in skin, hair follicle, ear or choroid of the eye. The synthesis of melanin begins with the accumulation of the key enzyme, tyrosinase. Tyrosinase is an enzyme that can catalyze three dierent reactions in the biosynthetic pathway of melanin, and is speci®cally expressed in dierentiated pigment cells (del Marmol and Beermann, 1996) . In addition to tyrosinase, two other enzymes with similar structures and features are present in pigment cells. The tyrosinase related protein-1 (TRP-1) and the tyrosinase related protein 2 (TRP-2) are enzymes that catalyze steps following the action of tyrosinase and modulate the type of melanin produced (del Marmol and Beermann, 1996) . The genes of all three members of the tyrosinase family are expressed in melanocytes/melanoblasts and in RPE cells (Beermann et al., 1992; Steel et al., 1992) . During development, expression is ®rst detected at midgestation in the presumptive RPE (Beermann et al., 1992; Steel et al., 1992) . Due to this early onset of expression, melanoma mouse models, which have been produced using the tyrosinase promoter linked to SV40 transforming sequences, resulted in tumors in the RPE and choroid-RPE interphase (Anand et al., 1994; Bradl et al., 1991; Mintz and Klein-Szanto, 1992) . The resulting death of the animals prevented analysis of melanoma which was only possible following transplantation to syngeneic hosts . In transgenic mice, ocular melanomas and melanocytic lesions have also been obtained using the ret oncogene (Iwamoto et al., 1991) , a mutated Ha-ras oncogene (Chin et al., 1997; Powell et al., 1995) or by insertional mutagenesis (Zhu et al., 1998) .
Metastasis of human pigment cell tumors is known for melanoma, and, besides lymph nodes, metastases of cutaneous melanoma are most often found in liver and lung, and less often e.g. in the central nervous system (Robinson et al., 1987) . Ocular (uveal) melanomas originating from neural crest-derived melanocytes account for about 9% of all melanomas, and, in 60% of the cases, metastasis is ®rst observed in liver (Char, 1994) . Due to the relative rareness of human RPE tumors, nothing is known about their metastatic potential. The existing mouse melanoma models which develop RPE neoplasms also reveal metastasis to various distant sites including liver, lung and brain (Anand et al., 1994; Klein-Szanto et al., 1991) . However, these metastases were shown to be derivatives of neural crest-derived melanocytes and not from the RPE (Anand et al., 1994; Mintz and Klein-Szanto, 1992) . In comparison to the tyrosinase promoter, the TRP-1 promoter leads to even earlier and higher expression levels of transgenes in the developing RPE (Beermann et al., 1992; Raymond and Jackson, 1995; Tief et al., 1996b; (AS, K Tief, U Yavuzer, FB, in preparation) . This early expression coincided with the active proliferation of the epithelium and increases the number of target cells for proliferation. In the present study, we therefore asked whether we can induce RPE tumor formation and metastasis by expression of SV40 Tag from this dierent pigment cell-speci®c promoter, TRP-1. We have obtained a transgenic line with proliferation of RPE cells at midgestation and RPE tumor development after birth. The mice develop metastases in inguinal lymph nodes and spleen which originated from the RPE. Primary tumor cell lines and metastasis-derived cell lines were established and further characterized. Although these mice die rather early this transgenic model allows to study biology and metastasis from RPE tumors.
Results

Characterization of the transgenic line
In order to target expression of the oncogene to the RPE, 1.4 kb of the TRP-1 promoter was fused to SV40 Tag transforming sequence (Figure 1a) . Two transgenic founders were obtained. One founder (#3416) was moribund at the age of 5 weeks and died without transmitting the transgene to ospring. Founder #3434 survived and a transgenic line was established. By Southern blot analysis (Figure 1b ), we estimated a transgene copy number of about 8. The transgene copies had inserted on the Y chromosome, with all male ospring being transgenic. At 1 month of age, the transgenic F 1 mice exhibited a visible enlargement of the eye leading to complete degeneration of the eyeball.
Moribund animals were observed at about 3 months of age, which was probably caused by progression and invasion of the tumor towards brain. In 2 ± 3 monthsold mice, strong expression of SV40 large T was found in transgenic eye, whereas expression in skin was very low (Western blot, Figure 1c ). No expression was detected in kidney, liver, lung, spleen and testis (not shown). We have not detected any morphological alterations caused by neural crest-derived melanocytes, neither in choroid nor in skin. We therefore restricted our analyses to the RPE.
Tumor formation in the RPE
In transgenic mice, the TRP-1 promoter is active from E10.5 onwards in the outer layer of the optic cup, the future RPE (Raymond and Jackson, 1995) (AS, K Tief, U Yavuzer, FB, in preparation). At E12.5, the normal RPE is a monolayer of cuboidal epithelial cells with relatively small nuclei (not shown). In contrast, the RPE of the TRP-1/Tag transgenic littermates contained several preneoplastic foci with large polyhedral cells and prominent irregular nuclei. In these regions, the RPE was hypomelanotic, and several mitotic ®gures could be detected ( Figure 2f ). In E15.5 embryos (Figure 2a, c, d) , proliferations of the RPE were detected in the posterior hemisphere (in the region of the optic nerve) and near the anterior chamber (in both sites), where they expanded into larger masses of neoplastic tissue. In addition, cells seem to migrate or invade into the optic nerve (Figure 2a ). At about two months, the tumor ®lled the entire eye and cataracts were present in the anterior chamber. At this stage the choroid could only be focally identi®ed, and some discontinuous traces of disorganized and gliotic retina (Figure 2g ). The tumor consisted of nonpigmented or poorly pigmented epithelioid cells (Figure 2e ). Epithelial structures were composed of cuboidal cells attached at the basolateral ends. They were arranged in a tubular fashion around a central lumen (Figure 2e ), similarly to human adenocarcinomas of the RPE (Garner, 1970) . In the tumor, expression of T antigen was detected by immunohistochemistry (Figure 3) . Cytokeratin has been used as a marker for epithelial cells (McKay and Burke, 1994; Singh and Gupta, 1994) . We used an antibody raised against the murine low molecular weight (46 kDa) cytokeratin, which recognizes epithelial cells (Reichmann et al., 1992) and reacts with the RPE in nontransgenic mice (not shown). Using this antibody, we corroborated the epithelial origin of the tumor (Figure 3d ). This demonstrates that the ocular tumor in the transgenic mice is derived from the RPE.
Metastasis into inguinal lymph nodes and spleen
In moribund mice reaching an age of about 3 months, we detected pigmentation of spleen and inguinal lymph nodes (Figure 4a,b) . No other sites of aberrant pigmentation were observed at this age. In 10 weeksold transgenic mice, inguinal lymph nodes were always pigmented, and pigment in spleen was detected in about 30% of the mice. Sections of spleen and lymph node revealed pigmented cells localized near blood vessels (Figure 4c ± f) . The origin of these cells was Figure  5e ) and TRP-1 (not shown). In addition, protein extracts of pigmented spleen displayed DOPA-oxidase activity which indicates presence of a functional tyrosinase enzyme (Figure 6 ). We conclude that transgenic spleen and lymph node contain functional pigment cells which express T antigen.
Cell lines from tumor, lymph node and spleen
To further assess RPE origin and the tumor characteristics, cell cultures were established from eye tumor, pigmented spleen and lymph nodes (Figure 7) . The primary cultured cells exhibited pigmentation. After several passages, variation in pigmentation was observed which was probably due to the culture conditions (Figure 7b ). We always observed clusters of islands surounded by ®broblast like cells (Figure 7) as has been observed in cultured human RPE cells (McKay and Burke, 1994) . To further characterize the cells we analysed expression of large T, TRP-1, tyrosinase and cytokeratin. Cells derived from eye tumor and from spleen metastasis were positive for expression of these proteins (Figure 8 ). Morphological characteristics and immunological pro®le of the dierent cell lines strongly suggest that the pigmented cells present in spleen and lymph nodes are derived from the RPE tumor. 
Discussion
In order to induce tumor formation in the RPE, we generated a transgenic mouse line using the TRP-1/ Tag chimeric gene. Recent experiments using 4 kb and 1.4 kb of the TRP-1 promoter in transgenic experiments have shown, that high level expression is rather con®ned to the retinal pigment epithelium (Raymond and Jackson, 1995) (AS, K Tief, U Yavuzer, FB, in preparation). In contrast to what would be expected from the endogenous TRP-1 expression pattern, transgenic expression in neural crest-derived melanocytes is low or below sensitivity of detection, thus suggesting lack of important cis-acting regulatory elements. The activity of the TRP-1 promoter can be readily detected from E10.5 onwards in the outer layer of the optic cup (future RPE) of mice carrying a TRP-1/lacZ transgene (Raymond and Jackson, 1995) (AS, K Tief, U Yavuzer, FB, in preparation). Given these results, we were con®dent that the transgene driven by the TRP-1 promoter was expressed preferentially in the RPE of the developing embryos. We have shown that the ocular tumor in the TRP-1/Tag transgenic mice line was derived from the RPE. We have bred the TRP-1/Tag transgenic mice on a homozygous kit W-n mutant background to separate tumor formation caused by neural crest-derived melanocytes and tumors originating in the RPE (Cable et al., 1995; Mintz and Klein-Szanto, 1992) . RPE tumors were still present with no obvious change in frequency or appearance, both in TRP-1/Tag heterozygous and homozygous kit W-n mutant mice (not shown). We observed one TRP-1/Tag kit W-n homozygous mouse which showed metastasis to spleen but most of the mice died too early (at about 2 months) to clearly demonstrate RPE origin of the inguinal lymph node and spleen metastases. We therefore proved the RPE origin of the metastases by analysis of pigmentation genes and cytokeratin expression, and following establishment of cell lines.
During embryonic life, RPE foci displaying more than one layer were seen in the transgenic mice. At birth, small tumor masses were visible both in the anterior quadrant of the eye and in the region of the optic nerve. The tumors were present in both eyes of a mouse and grew consistently and ®lled the entire eyes at the age of about 2 months. The proliferating cells were adjacent to the normal RPE cells which were arranged around a central lumen and surrounded by a thin layer of basement membrane. These tumors therefore resemble the described human RPE tumors, with respect to the rearrangement of neoplastic cells and the localization of the tumor. In humans, RPE cells are known to proliferate under in¯uence of environmental stimuli such as photocoagulation or physical injury (Zhao et al., 1997) . In mild injuries involving only the RPE and photoreceptor cells, proliferating RPE cells rapidly reestablish a continuous monolayer over Bruch's membrane. More severe changes are typically observed in patients with longstanding retinal detachment that leads to tubular proliferation. These changes might favor a neoplastic proliferation ending in malignant transformation (Frayer, 1966) . Little is known about the clinical course of RPE tumors and their malignant potential. More recent ®ndings suggested that RPE hyperplasia may transform into malignant tumor (Loeer et al., 1996) . SV40 Tag is required for transformation, and this is promoted by binding and inactivating tumor suppres- sor genes (Cargone et al., 1997) . Expression of SV 40 Tag might only be required for a certain time to induce irreversible alterations and maintain the transformed state (Ewald et al., 1996) . Some of the cells that proliferate may acquire properties essential for invasion and metastasis. In our model, optic nerve, choroid and, later on, brain were invaded. In the late stages of tumor formation, inguinal lymph nodes and spleen presented pigmentation. The pigment was present in cells that do not normally exist in these organs. In spleen, the cells displayed a tyrosinase enzymatic activity which indicated that they were functional pigmented cells. The cell lines isolated from spleen and inguinal lymph nodes had a phenotype similar to cells isolated from the eye tumor. Cells from spleen were epithelial cells and produced tyrosinase and TRP-1. We therefore assume that speci®c cells from the eye tumor acquired the capacity to invade the stroma and later on to enter the circulation. Thinwalled venules, like lymphatic channels, oer little resistance to penetration by tumor cells and provide the most common pathway for tumor cell entry into circulation (Fidler, 1990) . Furthermore, carcinomas frequently metastasize and grow via the lymphatic system (Fidler, 1990) . We injected cells from the ocular tumor cell line in the blood stream of two CB6F 1 (F 1 [C57BL/66Balb/c]) mice and two athymic nude mice (not shown). The cells reached distant sites in nude mice, where lungs showed pigmentation, and in CB6F 1 mice, where spleens showed pigmentation. In summary, our results strongly suggest that the pigmented cells in spleen and lymph nodes are derived from the RPE tumor, since they express enzymes involved in melanin biosynthesis, show characteristics of epithelial cells and are positive for cytokeratin.
Materials and methods
Transgenic line
The 1.4 kb TRP-1 promoter sequence, extending from the SalI site to the SmaI site, is sucient to confer high-level expression in cultured melanocytes (Jackson et al., 1991) and in the RPE of transgenic embryos (Raymond and Jackson, 1995) . SV40 transforming sequences (2.7 kb StuI ± BamHI fragment) were cloned in pBlueScriptII (Stratagene, USA). The TRP-1 promoter was then inserted in front of the SV40 Tag resulting in the TRP-1/Tag construct ( Figure 1a) .
The construct (XbaI fragment) was microinjected into oocytes derived from CB6 (BALB/c6C57BL/6J) F 1 females mated to males of the same background (Harlan, UK). Eighty-six injected oocytes were transferred in pseudopregnant recipient NMRI/Han mice, and two transgenic founders (#3416, #3434) identi®ed in 23 ospring. Genotyping of mice was performed by Southern blot, or PCR using tail DNA (Beermann et al., 1993) . The sense primer was 5-'GGA-GGGAGTCATGTGCT-3' (+1286 to +1303) (Lowings et al., 1992) , and the antisense primer was 5'-CTGCTCCCATT-CATCAGTTCC-3' (+4548 to +4569) (Fiers et al., 1978) . A 819 bp fragment was ampli®ed by PCR as described (Schmidt and Beermann, 1994) (Figure 1b) . Only one founder (#3434) was further mated. Over more than ten generations, all male ospring were positive for the transgene whereas all females were negative strongly suggesting integration of the transgene on the Y chromosome.
Pathological examination and immunological characterization
Organs were ®xed in 3% paraformaldehyde and embedded in immunobed kit solution (Polyscience Inc., USA). 2 ± 2.5 mm sections were stained with Giemsa (Merck, Germany). For immunological characterization organs were frozen in O.C.T. compound embedding medium (Tissue Tek, USA) in isopentane cooled in liquid nitrogen. 7 mM cryostat sections were placed onto silanetreated glass slides and allowed to dry at room temperature (RT) until ®xation. Slides were ®xed for 3 min in ice-cold acetone and then washed in 16PBS. The slides were blocked with phosphate-buered saline (16PBS) containing 0.1% Tween 20 (for KT3 antibody supplemented with 20 mg/ml streptavidin) for 30 min at RT. After rinsing three times with 16PBS (containing 0.1% Tween 20) they were incubated with the primary antibody KT3 (biotinylated anti-large T, (MacArthur and Walter, 1984) , tyrosinase (anti-PEP7), TRP-1 (anti-PEP1) (kindly provided by VJ Hearing, Bethesda, USA) or cytokeratin (antimouse 46 kDa cytokeratin, kindly provided by E Reichmann, ISREC, Switzerland; (Reichmann et al., 1992) . Slides were washed in 16PBS and exposed to secondary antibody (streptavidin-labelled (DTAF) antibody, or goat anti rabbit-CY3 antibody (Jackson ImmunoResearch Laboratories Inc., USA) diluted in 2% goat serum) for 1 h, followed by washing three times in 16PBS (0.1% Tween 20). Negative controls were performed using only secondary antibody. For immunostaining of cells, they were cultured for 24 h on coverslips. They were washed once in DMEM without serum, ®xed for 2 min with icecold acetone, washed and blocked for 30 min in 16PBS containing 0.1% BSA. Antibodies were used as for frozen sections.
Western blot
Organs were homogenized in sodium phosphate extraction buer (1% NP40, pH 6.8) and proteins were extracted by centrifugation at 48C. Protein concentration was determined with the BCA protein assay (Pierce, USA). 50 mg of total protein extracts were loaded on a 10% SDS ± PAGE gel, and transferred to a nitrocellulose membrane. The membrane was blocked for non-speci®c binding in 16PBS containing 4% lactate and 0.5% Tween 20 at 48C for 1 h. Blots were washed once in 16PBS (containing 0.5% Tween 20), and then incubated with the primary antibody against large T (pab 204 supernatant, provided by R Iggo, ISREC, Switzerland). The secondary antibody, a rabbit anti-mouse antibody conjugated to peroxidase (Dianova, Germany), was added for 1 h, and the membrane was washed three times in 16PBS (containing 0.5% Tween 20). Bands were visualized by chemiluminescence reaction (ECL, Amersham Rahn, Switzerland).
DOPA oxidase activity of tyrosinase
Organs were homogenized in 10 mM sodium phosphate buer (0.25 M sucrose, 0.01 M EDTA, 1% NP40, pH 6.8), followed by centrifugation at 48C. 100 mg of protein were loaded on a 12% gel under nonreducing condition (not heated). After migration the gel was washed three times in 10 mM sodium phosphate buer (pH 6.6) to lower the pH, and once with 10 mM sodium phosphate bufer (pH 6.8). Reaction was visualized by incubation with L-DOPA (0.5 mg/ml 10 mM sodium phosphate buer pH 6.8), for 2 h at 378C (Tief et al., 1996a) .
Tumor cell lines
Eye tumor, pigmented spleen and lymph nodes of two transgenic mice were dissected, homogenized and plated in a 2 cm 2 culture dish in DMEM (Dulbecco's modi®ed Eagle's medium, containing 15% heat-inactivated foetal calf serum supplemented with penicillin and streptomycin). Initial outgrowth of transformed cells from the homogenate was seen after 2 days. The cells were transferred in a 10 cm 2 culture dish and maintained until con¯uence. They were trypsinized and splitted every 5 ± 7 days and stably kept in culture for 3 months.
